This paper presents a vision for resilience-based planning in civil infrastructure using a system-of-systems framework. The distinguishing traits of system-of-system analysis are explained and evaluated with respect to the required dimensions of analysis in resilience-based planning. The application of the proposed framework is demonstrated in the context of financial planning for highway transportation infrastructure. The proposed framework facilitates an integrated analysis in which planning decisions are evaluated in terms of their impacts on the resilience of infrastructure systems at four levels: the asset level, the network level, the subnational level, and the national level. Thus, it provides a tool for evaluation of planning decisions and prioritization of the allocation of constrained resources. Realization of the importance of resilience in infrastructure systems is emerging so this study is therefore significant in exploring the dimensions of analysis and the required functionalities for resilience-based planning in infrastructure systems.
INTRODUCTION
The ability of infrastructure systems to cope with future uncertain conditions (e.g., hurricanes, earthquakes, and population growth/decline) has diminished due to the significant disparity between the supply and demand for financial, human, environmental, and physical resources. Traditionally, infrastructure planning decisions (e.g., financing, resource allocation, maintenance and rehabilitation, and capacity expansion) have been made in the following ways: (i) for different infrastructure assets individually; (ii) mainly based on economic criteria, such as cost-benefit analysis; and (iii) without considering the impacts of an asset's condition on its level of resilience against natural disasters.
The ability of infrastructure to cope with future uncertain conditions is called resilience. The resilience of infrastructure depends on the conditions of the assets; and the conditions of infrastructure assets are affected by the activities and interactions of different players on both the supply and demand sides. On the supply side, the microbehaviors of different players affect the level of funding available for infrastructure development; and on the demand side, the micro-behaviors of different players affect the decision-making process through which infrastructure projects are prioritized for rehabilitation, capacity expansion, and retrofit actions within the existing budget constraints. Rehabilitation, capacity expansion, and retrofit projects affect the conditions of assets, and thus impact the performance measures (e.g., coping capacity, flexibility, and preparedness), which ultimately affect the resilience of infrastructure systems (Faturechi and Miller-Hooks, 2013 ).
In the context of infrastructure systems, several studies (e.g., Rinaldi et al. 2001 , O'Rourke 2007 , and Reed et al. 2009 ) evaluated the ability to cope with natural disasters using the principles of resilience analysis. However, the existing studies have three limitations: (1) they focus on a single level of analysis (mainly the network level); (2) they focus on the demand side of the problem pertaining to infrastructure resilience; and (3) the existing condition of the infrastructure and the micro-behaviors of the players pertaining to planning and resource allocation were not considered. In the context of infrastructure asset management, some studies (e.g., Sharma et al. 2008 and Khan et al. 2009 ) recognized the need for innovative methodologies to integrate infrastructure condition measures with sustainability and resilience measures. However, to the authors' best knowledge, there is no methodology in the existing literature for integrated resilience-based planning of infrastructure. There is a knowledge gap related to investigating the link between the micro-behaviors of different players pertaining to resource allocation for rehabilitation, capacity expansion, and retrofit actions; the condition of infrastructure assets; and the level of resilience of infrastructure systems against natural disasters at the asset, network, subnational, and national levels. The objective of this paper is to present a vision for a framework for resilience-based planning of infrastructure using a system-of-systems (SoS) approach. In the following sections, the dimensions of analysis in the proposed SoS framework will be explained. Then, the proposed framework will be demonstrated in the context of the assessment of financial planning in highway transportation infrastructure.
SYSTEM-OF-SYSTEM FRAMEWORK
Maier (1998) characterizes a System of Systems (SoS) as the combination of a set of managerially and operationally independent systems that performs a function not performable by a single system alone. Civil infrastructure is a SoS due to the existence and interaction of several independent/interdependent systems and players. The creation of a SoS framework facilitates a bottom-up assessment in which different dimensions of analysis pertaining to resilience-based planning of infrastructure could be investigated (Mostafavi et al. 2011 ).
Three dimensions can be investigated in a SoS framework for resilience-based planning of infrastructure (Figure 1) . First, resilience-based planning can be evaluated with respect to different classifications in terms of infrastructure sectors, assets, performance conditions, and natural hazards. Thus, in this dimension, the context of the analysis, which includes the classifications of sectors (e.g., transportation, water, power), assets (e.g., highways, roads, bridges, water mains), performance measures (e.g., coping capacity, preparedness, flexibility), and natural disasters (e.g., hurricane, flood, earthquake), is defined. A resilience-based planning analysis could consider a single sector (tactical decision-making) or multiple sectors (strategic decisionmaking, where interdependencies are significant); or it may investigate a single asset (operational decision-making) or multiple assets (tactical decision-making). Also, the analysis could consider the resilience of assets to one class or multiple classes of natural disasters. The greater the number of classifications considered, the greater the complexity of the analysis.
In the second dimension of the proposed framework, different categories of components in the analysis are explored and abstracted. The component categories include resources, stakeholders, operations, and policies which exist across hierarchical levels. Resources include the non-human entities which facilitate rehabilitation, retrofit, and capacity expansion actions and could be physical and financial. Stakeholders are human and organizational entities whose goals, decisionmaking, actions, and interactions affect the planning and resource allocation of infrastructure. Operations include the application of the decisions/intents of stakeholders to direct the use of resources. Policies are external forces affecting the availability of resources and the decisions of stakeholders (DeLaurentis 2005).
Figure 1. SoS framework for resilience-based planning of infrastructure
The third dimension pertains to the levels of analysis, which include the asset level, the network level, the sub-national level, and the national level. In the proposed SoS framework, the resilience at each level is obtained by aggregation of the resilience at the level below it, necessitating a definition of the resilience measures at each level. Figure 2 shows the aggregation of resilience across different levels. In the proposed SoS framework, resilience at the asset level is captured using an Asset Resilience Index (ARI) based on the asset performance measures (coping capacity, flexibility, preparedness, and recovery). Coping capacity refers to the ability of infrastructure assets to absorb the impact of disruption; flexibility refers to the ability of assets to provide service after disruption; preparedness refers to the existence of resources that can be utilized in response to disruption; and recovery refers to the ability of assets to return to the pre-disruption performance level. The asset performance measures are affected by the condition of the asset. For example, the poor structural condition of a bridge reduces its ability to absorb disruptions (coping capacity).
A number of studies (e.g., Sharma et al. 2008 and Khan et al. 2009 ) proposed methodologies, such as AHP and multi-attribute assessment, to map the condition of the assets to performance measures under business-as-usual scenarios. However, to the authors' best knowledge, there are no methodologies for such a mapping under extreme scenarios (i.e., natural disasters). Since the data related to the asset condition ratings, as well as the performance measures, are mainly qualitative in nature, the use of fuzzy inference systems could be a potential methodology for mapping the condition of assets to performance measures under extreme conditions. Similarly, a fuzzy inference system could be created for mapping the performance measures to the Asset Resilience Index (ARI).
Figure 2. Hierarchy of resilience indices across different levels
The aggregation of the ARI will determine the Network Resilience Index (NRI) for a particular class of assets. The NRI could be obtained using Equations 1-4, where n is the number of assets in the network (number of links); ARI i is the asset resilience index for the i th asset; and ACI is the asset criticality index, which is a function of the zone of influence of the asset, the centrality of the asset in the network, and the asset function in the network. The zone of influence determines the geographic area in which the service provided by the asset is utilized. Centrality refers to the importance of an asset in a network; and function determines the role of an asset in a network.
(1) Where, ACI=Asset Criticality Index (2)
ARI and NRI could be calculated for each class of natural hazards individually since the level of resilience of the assets and the network will vary against different types of natural hazards. Then, the Total Resilience Index (TRI) at the sub-national level could be obtained by aggregating the NRI values for different types of natural hazards using Equation 5-7. In Equations 5-7, m is the number of classes of natural hazards, NRI j is the network resilience index against the j th natural hazard, and W j determines the significance of the j th natural hazard which is a function of the hazard likelihood and the severity of the impacts. 
In the proposed SoS framework, the conditions of the assets are affected by the micro-behaviors of the stakeholders and the availability of resources. The remaining sections of this paper will demonstrate an illustrative example for the application of the proposed SoS framework for resilience-based investigation of financial planning in the context of highway transportation infrastructure.
RESILIENCE-BASED EVALUATION OF FINANCING POLICIES
The current condition of infrastructure in the U.S. was given a grade of "D+" in "The Infrastructure Scorecard" of the American Society of Civil Engineers. However, no insight was provided regarding the current level of resilience of the infrastructure, and the impacts of financial planning decisions on the level of resilience were not assessed. The proposed SoS framework could be used for creation of a model to investigate the impacts of financing policies on the level of resilience at the state and national levels. In this section, the components of the envisioned model are discussed in the context of highway transportation infrastructure (Table 1) . From the supply and demand perspectives, the interactions between different resources, stakeholders, operations, and policies will be evaluated.
Supply-side assessment
There are different players whose activities and interactions affect the level of available financing for infrastructure renewal. In the context of highway transportation infrastructure, the most significant players include private institutional investors, state Departments of Transportation (DOT), and the general public (Mostafavi et al 2012) . Mostafavi et al. (2013b) created a hybrid agent-based/system dynamics model to simulate the activities and interactions of the players and investigate their impacts on the level of available financing for infrastructure renewal (Figure 3) . A similar hybrid model can be created to simulate the impact of the level of available financing on the decision-making processes on the demand-side. 
Demand-side assessment
The level of available funding (obtained from the supply-side model) affects the decision-making process pertaining to the prioritization of resource allocation for capacity expansion, rehabilitation, and maintenance activities. The dynamics of infrastructure renewal on the demand side are demonstrated in Figure 4 , and it is shown that the conditions of infrastructure assets determine the need for specific activities. The availability of funding, organizational policies, practices, and heuristics are used to capture the relationships between the different aspects of funding, policies, and stakeholder preferences in the prioritization of infrastructure assets for improvements. If funding is available, the required improvement action will be taken; otherwise, the improvements will be postponed. Delaying improvement actions can lead to deterioration of the condition of the asset, thereby establishing the need for additional funding to implement more extensive rehabilitation in the future. In Figure 4 , q represents the rate of condition improvement as a result of a rehabilitation activity, n represents the rate of condition deterioration in an asset, and p represents the rate of additional investment required for implementing more extensive rehabilitation. Integration of the dynamics of infrastructure investment (supply side) and infrastructure renewal (demand side) could facilitate a comprehensive assessment of the impact of financing policies on the level of resilience at different levels, considering the condition of the assets under different financing scenarios. Also, using the proposed framework for the evaluation of the level of resilience across different levels (Figure 5 ), the level of resilience at the asset, network, and subnational/state levels could be investigated.
The level of financing, the availability of funding, the conditions of infrastructure assets, and the types of natural hazards vary across different states. Therefore, different sub-models need to be created to model the micro-behaviors of different players as well as the deterioration condition of the individual assets. To capture and simulate the adaptive micro-behaviors of different classes of players pertaining to infrastructure investment and renewal, agent-based modeling could be used. An agent-based model includes different classes of agents, the rules associated with the micro-behaviors of each class of agents, and databases pertaining to the variables affecting the micro-behaviors of the agents. For modeling the conditions of assets, different methodologies, such as deterministic, probabilistic, and artificial intelligence models (Madanat et al. 1997 and Morcous et al. 2002) , could be used. Then, the asset conditions can be used for the evaluation of performance measures and the resilience indices across different levels.
Figure 5. Integration of the dynamics of infrastructure investment and renewal
The sub-models can be combined into an integrated computational platform to integrate different components and data sources from the supply and demand sides. An object-oriented platform is envisioned which enables integration of multiple modeling paradigms and data sources (Mostafavi et al. 2013a) . Figure 6 shows the components of the envisioned computational model. The envisioned model will include an interface component to visualize the impacts of different financing policies on the level of resilience across different states. As shown in Figure 6 , there are different classes of objects representing different sub-models. For the supply-side model, different classes of objects represent different classes of players (agents), whose activities and interactions affect the level of financing available for infrastructure renewal. For the demand-side model, different classes of objects represent different groups of players as well as different types of assets. The microbehaviors of the players on the demand side affect the prioritization of assets for renewal/retrofit actions. The behaviors of assets affect their performance conditions and the level of financing required for renewal/retrofit actions. Integration of supplyside and demand-side objects creates a platform to analyze different financing scenarios and their impacts on the level of resilience at the state and national levels. The created computational platform could then be used for conducting several simulation runs. The data obtained from the simulations then could be used in the creation of a meta-model to serve as a landscape for investigation of highly-likely scenarios that would yield to enhancement of infrastructure resilience across shortand long-term policy horizons. 
CONCLUSIONS
This paper presents a framework for resilience-based infrastructure planning of infrastructure systems using a systems-of-systems approach. The proposed framework can integrate the micro-behaviors of different players pertaining to resource allocation for rehabilitation, capacity expansion, and retrofit actions with the condition of infrastructure assets and their resilience against natural disasters at the asset, network, sub-national, and national levels. The proposed methodological approach can provide a bottom-up approach for resilience-based planning that could potentially assist decision-makers in the following areas: (i) prioritization of infrastructure renewal activities for resource allocation; (ii) investigation of the impacts of resource constraints on the level of resilience in infrastructure systems at the sub-national and national levels; and (iii) evaluation of the landscapes of sustainable policies to enhance the resilience of infrastructure.
